Abstract Platelets are chief effector cells in hemostasis. In addition, however, their specializations include activities and intercellular interactions that make them key effectors in inflammation and in the continuum of innate and adaptive immunity. This review focuses on the immune features of human platelets and platelets from experimental animals and on interactions between inflammatory, immune, and hemostatic activities of these anucleate but complex and versatile cells. The experimental findings and evidence for physiologic immune functions include previously unrecognized biologic characteristics of platelets and are paralleled by new evidence for unique roles of platelets in inflammatory, immune, and thrombotic diseases.
Introduction
Platelets are anucleate myeloid blood cells that are unique to mammals. They are extremely versatile effectors of hemostasis, inflammation, and immune activity with specialized roles in host defense, response to injury, and immune surveillance. The concept that platelets are essential for hemostasis and vascular integrity is a fundamental tenet in physiology and medicine that has progressively evolved from original observations of platelets in the blood of rodents and humans and in tissue samples by Bizzozero and by Osler [1, 2] . A concept that has taken longer to establish, but is now rapidly evolving, is that platelets are key effector cells in inflammation and the immune continuum [3, 4] , which encompass innate and adaptive immune responses [5] . There is now compelling evidence that platelets have important recognition ("sentinel") and surveillance activities in microbial invasion (Figs. 1 and 2) and antigen challenge. They also have signaling functions that trigger important responses of other myeloid leukocytes and lymphocytes, which are principal immune effector cells [5] , and endothelial cells, which also contribute critical inflammatory and immune responses [6, 7] . Furthermore, signaling by platelets is a mechanism for information transfer in immune cell-cell interactions, and platelets have the potential to orchestrate complex immune and inflammatory events [4] . These functional capabilities likely evolved through specializations of ancient innate defensive cells, as suggested by features of hemocytes of Limulus and Drosophila and coelomocytes of sea urchins, worms, and other invertebrate species [3] .
Unanticipated functional properties and molecular pathways have emerged from recent studies of the behavior of platelets, their responses to pathogens, and their activation by stimuli and agonists that are present in the internal milieu of the host. Recognition of this "new biology" of platelets [8, 9] , although at times controversial in the field, is contributing to the evolution of our understanding of them as immune effector cells as well as to the reinterpretation of some of their more traditional roles in hemostasis and tissue repair. Approaches utilizing animal models, including mice and zebrafish, contribute relevant observations and also reveal interesting and important differences in the features of human platelets compared to cells from surrogate species ( [10] [11] [12] [13] ; Rowley et al., manuscript submitted for publication). Furthermore, studies of isolated human platelets, megakaryocytes, and in vitro models of human thrombopoiesis continue to yield new discoveries relevant to the complex biology of these cells [13] [14] [15] [16] [17] [18] . A corollary is that recent investigations also provide new insights into the potential roles of platelets in inflammatory and immune diseases and their potential for immune activities "in natura" [19] . This review will highlight some of these recent observations and evolving concepts and paradigms and will build on and amplify previously published summaries [3, 4, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] .
Platelets in hemostasis, coagulation, and vascular barrier function
As neutrophils (polymorphonuclear leukocytes; PMNs), monocytes, dendritic cells (DC), and lymphocytes of Human platelets alone Platelets with E. coli Platelets with S. aureus Fig. 1 Human platelets recognize and interact with bacterial pathogens. Platelets (left panel) were incubated with E. coli (middle panel) or S. aureus (right panel) for 30 min in vitro followed by staining of platelet F-actin (green) and bacterial DNA (magenta) (from [149] with permission from the publisher). Platelets are sentinels that detect intravascular microbes of a variety of classes and respond with activities that contribute to the capture, containment, and elimination of pathogens and to complex innate and adaptive immune responses (Figs. 2 and 3) . In some cases, platelet activation by bacteria or their toxins-for example, LPS released by E. coli or staphylococcal alpha toxin-leads to inflammatory vascular injury and thrombosis (see text and cited references for details) There is evidence that these activities can mediate the containment, immobilization, and killing of bacteria and other pathogens. In addition, however, each can contribute to local thrombosis and inflammation in endovascular infectious syndromes such as bacterial endocarditis and to systemic infections with end-organ injury, including sepsis and complicated malaria various classes are considered the chief effector cells of inflammation and immune activity, platelets are chief effector cells of hemostasis, coagulation, and pathologic thrombosis [1, 2, [36] [37] [38] [39] [40] [41] [42] . Platelets adhere avidly at sites of clinical or experimental vascular injury, a critical first step in hemostasis and thrombosis [36, 38, 39] (Fig. 3 ).
Further amplification of platelet adhesion, triggering of platelet aggregation, secretion of fibrinogen, von Willebrand Factor (vWF), and other prothrombotic mediators from intracellular granules and secondary recruitment of additional platelets contribute to the formation of the "hemostatic plug" [36, 38, 39] (Fig. 3) . These are dynamic, receptor-mediated activation events that involve signaling mechanisms and adhesion molecules-including integrin α IIb β 3 (glycoprotein IIb/IIIa) and the glycoprotein Ibα/V/IX complex (gpIb/V/1X)-that have been intensely studied in addition to newly emerging pathways [2, [38] [39] [40] [41] [42] . Platelet microvesicles, which are membrane-bound particles shed from activated platelets, can contribute to the formation of the hemostatic plug [43] . While these primary hemostatic and thrombotic activities of platelets will not be reviewed in detail here, there is also evidence that adhesion and local activation of platelets at the vessel wall are important early events in inflammatory and immune responses [27, 38, 44] . Therefore, we will refer to them again. Activation responses of platelets mediate the critical events in hemostasis and inflammation. a Platelets activated by agonists recognized by G-protein-coupled receptors, including thrombin, ADP, and TxA 2 or by immunoreceptors such as GPVI, a collagen receptor, deliver outside-in signals to human and murine platelets, resulting in rapid and, in some cases, sustained functional responses that mediate key events in hemostasis and inflammation, and often provide molecular links between hemostatic and immune pathways and responses. Activated platelets also release microvesicles that can initiate or amplify hemostasis and inflammation (see text for details). b Activated platelets bind fibrinogen via integrin α IIb β 3 and also bind other coagulation proteins, synthesize tissue factor, and promote the conversion of fibrinogen to fibrin as illustrated by this human plateletfibrin clot formed in vitro. Activated platelets also retract fibrin, potentially consolidating and remodeling clots in vivo. The adhesive interactions of platelets with fibrinogen and fibrin can trigger additional activation and synthetic responses and inflammatory signaling (panel b is reproduced from [110] with permission from the publisher). c RANTES is an example of a preformed mediator with multiple inflammatory and immune activities that is secreted by activated human platelets (also see Table 1 ). In this experiment, RANTES was measured by ELISA in supernatants of human platelets activated with increasing concentrations of thrombin for 30 min as described in [171, 173] (panel c was modified from data in [173] )
Platelets also facilitate the process of plasma coagulation and ultimate conversion of fibrinogen, which has both hemostatic and proinflammatory activities (see review by Akassoglou, this symposium) to fibrin. This complex biochemical cascade is triggered by the exposure of subendothelial collagen and catalyzed by tissue factor (TF) and the pivotal coagulant protease and inflammatory modulator, thrombin [37, 39, 45] . Platelet contributions to the coagulation cascade include the expression of highaffinity receptors for coagulation proteases and co-factors, providing surfaces for amplification of local thrombin generation, release of stored coagulation factors, and regulation of the activities of associated, surface-bound coagulation enzymes [37] . Human platelets were recently reported to synthesize TF [16, 46] , suggesting that they can directly participate in clot propagation and stabilization [16] (also see later). Platelets contribute actively to clot retraction and remodeling [2] , which-like thrombus formation-are dynamic features of hemostasis [40] . The interactions of activated platelets with leukocytes, particularly monocytes, amplify the clotting cascade in physiologic and pathologic hemostasis [37] . The intimate and daedal relationships between the coagulation cascade and inflammatory and immune responses are well known-although new features continue to be reported [47]-and are extensively explored in other reviews in this symposium.
Platelet number and activity are critical to vascular integrity during inflammation [48, 49] . In a mouse model of severe thrombocytopenia, there was spontaneous bleeding when inflammation was induced in the skin, brain, or lungs, but in contrast the animals did not have spontaneous hemorrhages in the absence of inflammation [48] . Genetically altered mice deficient in GPIb, β 3 integrins, or vWF did not locally bleed in areas of immune complex-triggered skin inflammation [48] , suggesting that individual "classic" platelet adhesion pathways [38] are not absolutely required to prevent inflammatory hemorrhage under these conditions. An interesting feature of this study was that only a small increase in platelet number (∼10%) was sufficient to reduce the bleeding tendency. These observations raise intriguing mechanistic questions as well as potential therapeutic dilemmas since "antiplatelet" therapy is a major approach in inflammatory conditions that include atherosclerosis and many other syndromes that can include paradoxical bleeding as well as thrombosis [42, 45, 50] . Traditional and newly discovered mechanisms that alter platelet numbers [15, 18] have not been well characterized in the context of acute and chronic inflammation.
In addition to critical activities in primary hemostasis, platelets are required for the maintenance of basal endothelial barrier function. Increased vascular permeability as a consequence of altered barrier function occurs in physiologic and pathologic inflammatory and infectious syndromes [29, 51] and is one of the cardinal signs of inflammation. Vascular integrity is impaired by thrombocytopenia in experimental models, and thrombocytopenia may be a key factor in disrupted vascular barrier function in clinical sepsis, dengue, syndromes of acute lung injury, transplantation, and other conditions (reviewed in [29, 30] ). The molecular mechanisms that account for the stabilizing effects of platelets on basal endothelial permeability are not completely defined and appear to be multi-factorial. A key feature may be the release of sphingosine-1-phosphate (S-1-P), which is an important vascular stabilizing molecule [29, 52, 53] . Signaling via the S-1-P pathway also controls lymphocyte egress from the vasculature [54] (also see the review by Hla, this symposium).
Platelets in antimicrobial surveillance and responses to invading pathogens
Platelets interact with, and respond to, invading microbes and pathogens ( Fig. 1) [25, 28, [55] [56] [57] . Early studies demonstrated that platelets localize at sites of microbial invasion (reviewed in [28] ). These observations complemented evidence that platelets accumulate in inflammatory exudates and in tissues involved in antigen-mediated inflammatory injury [21, 22] and, together with more recent studies [4, 58] , indicate that platelets are among the "first responders" in defense of the host-although they are often overlooked in this group of effector cells [59] . Platelets are likely key cellular mediators in "intravascular immunity" in host-pathogen interactions [58] . They are, in addition, the earliest and most numerous cells to accumulate at sites of vascular infections involving a variety of pathogens [28, 60] .
There is evidence that platelets have defensive roles in infections by bacteria, fungi, protozoa, viruses, and spirochetes (reviewed in [28] ). Clinical studies indicate that deficiencies of platelet number and/or function are risk factors for serious infections [60] . The most intensely studied area of platelet-pathogen interactions is bacterial invasion [25, 28, 60] , where they have been compared to other myeloid leukocytes in terms of their innate antibacterial effector responses [60] (Figs. 1 and 2 ). An interesting possibility is that the propensity to bacterial infection in some immunodeficiencies [19, 61] -including the recently identified variant of leukocyte adhesion deficiency syndrome in which there is a heritable defect in inside-out signaling of both leukocyte and platelet integrins [62] involves impaired platelet surveillance.
Platelet responses to bacteria vary depending on the bacterium studied and include activation, adhesion, aggregation, and interaction of platelets with neutrophils, mono-cytes, and endothelial cells (Figs. 2, 3, and 4) , each of which can contribute to the capture and containment of bacterial pathogens [4, 55, 60] . Human platelets have been reported to engulf bacteria and other microbes, potentially via the open cannalicular system [22, 55, 60, 63] . In parallel, many factors released from granules of activated platelets, or generated by active synthesis, have major antibacterial activities or can trigger secondary inflammatory responses that contribute to the elimination of bacteria [4, 22, 28] (Figs. 2 and 3 ; Table 1 ). Platelet microbicidal proteins (PMPs), including kinocidins and thrombocidins, are important examples of these antimicrobial factors [28, 60] . Importantly, PMPs potentiate the activities of antibiotic drugs [28] -an interaction between host defenses and introgenic antimicrobial therapies. Processing of some platelet antimicrobial proteins is catalyzed by thrombin [28] , and it is suggested that a key mechanism by which activated platelets contribute to innate antimicrobial defenses is by providing a catalytic surface that favors the generation of thrombin [64] . Thrombin may also form a locally acting bactericidal complex with one or more plasma proteins [64] . Adhesive and signaling mechanisms of activated platelets mediate critical cell-cell interactions in hemostasis, inflammation, and immune responses. a The activation of platelets mediates plateletplatelet aggregation, platelet-leukocyte adhesion and intercellular signaling, and interactions with inflamed and injured endothelial cells. Endothelial cells release factors that inhibit or modify these interactions, including prostacyclin and nitric oxide, under basal and stimulated conditions. The adhesion of platelets to exposed collagen and subendothelial matrix at sites of vascular injury is also a critical mechanism for platelet and leukocyte accumulation and for cell-cell interactions between platelets and leukocytes (not shown) (see text and Figs. 5, 6, 7, and 8 for additional details). b The release of IL-1 by activated platelets mediates platelet-endothelial interactions. The activated human and murine platelets release IL-1 in solution and associated with microvesicles. The release of both IL-1α and IL-1β has been reported, although in some studies IL-1 was only detected on the surfaces of activated platelets. Human endothelial cells release IL-8, MCP-1, IL-6, and GM-CSF and express E-selectin and increased levels of intercellular adhesion molecule 1 in response to juxtacrine signaling by IL-1 associated with activated platelets or IL-1 released by thrombin-stimulated platelets. IL-1β released in microvesicles from activated platelets also induces human endothelial cells to bind PMNs. This is consistent with many observations demonstrating that IL-1 is a prototypic agonist for "type II" activation of endothelial cells, which includes the synthesis and surface expression of E-selectin, IL-8, and other chemokines, leading to the adhesion and activation of PMNs and monocytes. IL-1 also induces the synthesis of tissue factor-dependent procoagulant activity by human endothelial cells. Thus, IL-1-mediated platelet-endothelial interactions have the potential to induce and drive key innate and adaptive immune responses and to link inflammation and hemostasis (see text, Table 1 Platelet activation, in concert with coupled procoagulant events including thrombin generation and fibrin formation, may be critical for the containment and killing of specific bacteria and prevention of their dissemination [47, 65] . As an example, genetic reduction in either the platelet or the plasma pool of coagulation factor V markedly increased mortality after group A streptococcal infection in mice [65] . Bacteria themselves can contribute to defensive platelet activation (Figs. 2 and 3) , and a number of bacterial products that trigger platelet responses have been identified [60, 66] . Nevertheless, some of the same surveillance and containment mechanisms may contribute to the persistence of bacteria at sites of endocarditis and other endovascular infections [25] . This is a serious pathologic consequence that may be compounded by bacterial features that contribute to the subversion of their killing and clearance by platelets and leukocytes [25, 58, 60, 67] .
Thrombin
As with essentially all innate and adaptive immune responses, the antibacterial activities of platelets can injure the host if they are induced inappropriately or are dysregulated. As an example, platelet aggregation triggered by bacteria or bacterial products may contribute to thrombotic events [55, 60] . As a second example, platelets were recently reported to trigger the formation of neutrophil extracellular traps (NETs) in in vitro experiments and in a murine model of bacterial sepsis [68] . NETs are extracellular lattices of decondensed chromatin studded with histones and antimicrobial proteins that are formed by neutrophils undergoing a unique pathway of cell death [69] [70] [71] [72] , although other mechanisms may be involved [68] . The [4] . The list is not comprehensive, and more than 300 proteins, peptides, biologically active lipids, and eicosanoids have been reported to be translocated to the platelet surface and/or released from activated platelets. Recent observations demonstrate that platelets have several specialized storage granules containing differentially packaged preformed factors and previously unrecognized post-transcriptional pathways for the synthesis of mediators (see text and cited reviews for additional details)
formation of NETs is a newly recognized mechanism of extracellular bacterial capture and killing [47, 58, 69, 73] that may be impaired in human infections and immunodeficiencies [72] . Thus, the ability of platelets to induce NET formation [68] may be an important intravascular immune activity, and platelets are suggested to be cellular "barometers" that sense the magnitude of bacteremia and regulate NET generation [58] . Nevertheless, NET formation was also reported to cause endothelial injury [68] and to be a mechanism of thrombosis and secondary platelet activation that could amplify pathologic hemostasis [74] . Therefore, NET formation mediated by platelets that are activated by bacterial signals may be an injurious response that harms the host in sepsis [58, 68] . It is possible that platelets also contribute to NET formation and vascular injury in noninfectious immune conditions, such as vasculitis [75, 76] .
Although not as extensively studied as the interactions of platelets with bacteria and fungi, specific molecular and immune events are induced by encounters of platelets with protozoa, parasites, and viruses [28, 56, 57, 77] . In parallel with bacterial interactions, there is evidence for both host defense and immune-mediated injury by platelets when they respond to these classes of pathogens. As an example of host defense in protozoal infection, the adhesion of platelets to Leishmania promastigotes results in the formation of large aggregates; this is one of the earliest events after Leishmania invasion in vertebrates and may be a key innate immune defensive mechanism [78] . Additional observations indicate that human platelets kill a second important protozoan, Toxoplasma gondii, via a mechanism that involves thromboxane A 2 synthesis [79] .
In a more recent study, isolated human platelets were reported to kill Plasmodium falciparum in infected human red blood cells (RBC), and platelet-deficient or aspirintreated mice had reduced survival compared to control animals in response to erythrocytic infection with a rodent malarial strain, Plasmodium chabaudi [80] . Earlier experiments demonstrated that human platelets inhibit the growth of P. falciparum in parasitized RBC in vitro [81] . In neither case was a mechanism identified, but the observations suggested that platelets are protective in the early stages of in vivo malarial blood stream infection [80, 81] . The biologic paradox is that platelets are, however, also implicated as key effector cells in clinical cerebral malaria, one of the most lethal and morbid consequences of human plasmodial infection, as well as in animal models of cerebral malaria and in other severe systemic complications of human and experimental malarial infection [82] . Together these examples of platelet responses to protozoan invasion illustrate the potential for collateral organ damage in addition to host defense when platelets and other inflammatory and immune effector cells engage invading pathogens.
Experimental and clinical viral infections also demonstrate that platelet-pathogen encounters are complex [28, 57] and that both host defense and injury can result. In a murine model of adenoviral infection, platelets were shown to facilitate antiviral immunity and dendritic cell maturation [83] , an example of platelet signaling that facilitates adaptive immune responses [4] . In a second murine model, animals depleted of platelets had reduced viral clearance and an impaired virus-specific cytotoxic T lymphocyte response when infected with lymphocytic choriomeningitis virus (LCV) [84] . Platelet CD40 ligand (CD40L) was implicated in viral clearance and the prevention of a severe hemorrhagic anemia that occurred in platelet-deficient animals infected with LCV. In contrast, the same group reported that activated platelets contribute to cytotoxic T lymphocyte (CTL)-mediated liver injury and hepatic fibrin deposition in a mouse model of acute viral hepatitis [85] . Subsequently, platelet-delivered serotonin was identified as a mediator of liver injury in LCV-infected mice [86] , even though platelet serotonin is reported to facilitate liver regeneration after injury (reviewed in [87] ). These surrogate animal models demonstrate complex host-viral interactions mediated by platelets, and platelets interacting with other host immune effector cells, and again illustrate that apparently similar cellular mechanisms can result in pathogen clearance or host damage depending on the biologic context. Complexity in platelet-viral interactions is also suggested by clinical and experimental studies of infection with human immunodeficiency virus [63, [88] [89] [90] , dengue virus [91, 92] , hantavirus [93] , hepatitis C virus [94] [95] [96] [97] , and influenza [98] . These syndromes cannot be reviewed in detail here, but some will be referred to again.
An aspect that has received scant attention is the interaction of pathogens with megakaryocytes as well as the mechanisms by which this influences platelet number, functions, and signaling in infectious syndromes. Many infections, particularly those with systemic manifestations, are complicated by thrombocytopenia, and impaired or disordered thrombopoiesis alone or in combination with peripheral platelet sequestration or destruction is often invoked [77] . The studies of primary megakaryocytes in clinical conditions is challenging because of their relative inaccessibility in the marrow, but hematopoietic stem cell models of megakaryopoiesis and thrombopoiesis now exist [14, 15, 18, 29, 99] and should be useful to better define the interactions of pathogens with megakaryocytes. Animal models may also be useful [100] . It seems highly likely that megakaryocytes recognize and respond to microbes and/or their products in a fashion that, in specific cases, alters thrombopoiesis and platelet number. Interactions with pathogens may also alter the transcriptomes and proteomes of megakaryocytes, proplatelets, and their platelet progeny [8] , "reprogramming" them in effect. The phenotype of platelets is altered in non-infectious immune and inflammatory conditions associated with high platelet turnover [99] , suggesting that transcriptional, post-transcriptional, and proteomic pathways of megakaryocytes and platelets may also be modified in infectious syndromes.
Platelet integrins and immunoreceptors
Platelet integrins are critical for their adhesive and intercellular signaling activities and have been extensively reviewed [2, 38, 101] . Integrin α IIb β 3 on the platelet surface is required for platelet aggregation, stable adhesion of platelets to exposed subendothelial matrix, and clot retraction in primary hemostasis ( Fig. 3) and is a critical molecular target in pathologic thrombosis [2, 38, 39, 42, 45] . Maximal platelet hemostatic responses also depend on other surface integrins [101] . Integrin α IIb β 3 becomes competent to recognize ligands and mediate adhesive interactions in hemostasis through the intricate process of inside-out signaling and also delivers outside-in signals to critical intracellular cascades that alter platelet phenotype and function [2, 36, 38, 40, 62] .
Platelets also express "immunoreceptors" on their surfaces, including Fc receptors that recognize immunoglobulins of the IgG, IgE, and IgA classes [21, 28, 101, 102] . One group of platelet immunoreceptors and related receptors, including FcγRIIA, GPVI, and C-type lectin-like receptor 2 (CLEC-2), functions through immunoreceptor tyrosine-based activation motifs (ITAMs) that are positioned in intracellular domains of the receptor or in an associated FcRγ subunit [101] . Signals are transmitted via ITAM and ITAM-like motifs in platelet interface with the intracellular actin-binding protein filamin A and the tyrosine kinase syk based on studies in mice [103] . Expression of human FcγRIIA was reported to increase with human megakaryocyte maturation [104] . In contrast, mouse platelets do not express this immunoreceptor [101] . In humans, FcγRII may contribute to enhanced platelet reactivity and the propensity for thrombotic complications in diabetes mellitus [105] . In addition, FcγRIIA and integrin α IIb β 3 are key components in the recognition mechanism for Staphylococcus aureus that involves binding of IgG directed against the bacteria to FcγRIIA and parallel binding of fibrinogen to α IIb β 3 , triggering platelet activation. This mechanism is thought to mediate the clinical syndrome of bacterial endocarditis [25] and may contribute to other endovascular infections. Platelet Fc receptors may also be important in inflammatory and hemostatic responses in immune-mediated nepropathy and other syndromes [101, 102] .
GPVI and CLEC-2 trigger tyrosine phosphorylation, activation of α IIb β 3 , and granular secretion by platelets [103] . Additional activities of CLEC-2 will be outlined in a later section. GPVI recognizes collagen, and platelets deficient in GPVI have impaired adhesion to collagen surfaces; therefore, it is a key collagen receptor in addition to a signaling activator of α IIb β 3 [40, 106] . The GPIb-1X-V complex has been reported to associate with GPVI and FcRγ, and engagement of GPIb-1X-V by VWF may trigger FcRγ ITAM signaling [101] . Mice deficient in GPVI had decreased inflammatory responses in an arthritis model reported to be dependent on platelets and collagen [107] (also see later), indicating that platelet immunoreceptors, like platelet integrins, influence both adhesion and inflammatory and immune responses. GPVI is also reported to be a receptor for hepatitis C virus [95] .
Diverse platelet signaling receptors that are critical in hemostasis also have inflammatory or immunomodulatory functions
Platelets have a repertoire of signal-transducing receptors that have traditionally been studied because they trigger primary hemostatic responses [36, 41] . Many also induce inflammatory and immune responses. G-protein coupled receptors are important examples [41] . G-protein-coupled proteaseactivated receptors (PARs) are expressed by human and mouse platelets-although the complement of PAR subtypes is different in the two species-and activation of platelets by thrombin via PARs is one of the most potent and widely investigated signaling paradigms in the biology of these cells [108] . The activities of PARs in coagulation and inflammation are considered in other articles in this monograph (Dorling, Ruf) and will not be reviewed in detail here. Nevertheless, unexpected functional activities induced by thrombin and PAR signaling that are relevant to immune responses and immunopathology have been identified. For example, thrombin stimulates the activation of the mammalian target of rapamycin (mTOR) in human platelets, resulting in rapamycin-inhibited translation of a group of protein products [109] . One of these, Bcl-3, alters fibrin retraction by thrombin-stimulated platelets [8, 110] . The mTOR cascade mediates major immune responses and is a molecular target of immune modification [111] ; this suggests that thrombin may have unrecognized functions in immunopathology via mTOR-dependent activities of platelets.
Adenosine diphosphate is, like thrombin, a classic platelet agonist. ADP is recognized by G-protein-coupled P2Y 1 and P2Y 12 purinergic receptors on platelets [36, 41, 112] . Signaling via P2Y 12 amplifies platelet aggregation and secretion, and it is a major target for therapeutic intervention in thrombotic disorders [41, 112] . A clinically important antagonist of P2Y 12 on platelets, clopidogrel, or its active metabolite were reported to inhibit mouse and human platelet-PMN and platelet-monocyte signaling (see below) in vitro [113] , nephropathy in a murine model of systemic lupus erythematosus (SLE) [114] , and plateletleukocyte interactions and other indices of inflammation in human renal transplant patients [115] . In contrast, antagonism of P2Y 1 , but not P2Y 12 , was reported to inhibit platelet-mediated P. falciparum killing [80] . Thus, signaling via platelet purinergic receptors, like outside-in signaling triggered by the engagement of PARs, induces both hemostatic and immune effector activities of platelets. Furthermore, PAR activation triggers the release of ADP from platelet stores, linking the two pathways and mediating autocrine amplification [36, 41, 112] .
Thromboxane A 2 (TxA 2 ) is synthesized by activated platelets by a sequential reaction catalyzed by cyclooxygenase 1-the molecular target of aspirin-and TxA 2 synthase [42]. TxA 2 is recognized by a G-protein-coupled receptor on the platelet plasma membrane and is an important autocrine and paracrine agonist for platelet activation [42, 116] . Human platelets also express other prostanoid receptors, which deliver signals that modify their functions [117] . TxA 2 triggers platelet aggregation, adhesion, and recognition of fibrinogen and other ligands by integrin α IIb β 3 and potentiates platelet activation induced by thrombin [42] . TxA 2 -mediated signaling is particularly important in thrombotic events complicating atherosclerosis [36, 41, 42] . In addition, however, the activation of platelets or other cells that bear the TxA 2 receptor by TxA 2 induces inflammatory and immune responses [116, 118] . Inhibition of cyclooxygenase with aspirin, alone or in combination with blockade of P2Y 12 pathways, is suggested to be an antiinflammatory strategy in atherosclerosis and its complications [42, 119] . TxA 2 and prostanoid signaling are also important in other complex inflammatory and immune syndromes [116, 118] . As previously noted, TxA 2 was reported to be a mechanism by which platelets kill T. gondii [79] .
The G-protein-coupled receptor that recognizes platelet-activating factor (PAF) and certain oxidatively modified phospholipids is expressed on human platelets and, in addition, on other myeloid leukocytes [120] . Because of this distribution, PAF and PAF-like lipids activate platelets, neutrophils, monocytes, and other target cells in inflammatory and immune responses, and the PAF signaling system thus links inflammatory and hemostatic responses [120] . Interestingly, the PAFR is not expressed by mouse platelets, and its mRNA transcript is not present in these cells although it is expressed by murine neutrophils (Rowley J et al., manuscript submitted for publication). PAF is not considered to be a strong agonist for the activation and aggregation of isolated human platelets, and the PAFR is sometimes not mentioned in reviews of platelet signaling pathways. Nevertheless, PAF potently induces the formation of platelet-neutrophil and platelet-monocyte aggregates in whole human blood [121] and, at nanomolar concentrations, induces the synthesis of interleukin1 β (IL-1β) (Figs. 4 and 5)-a proinflammatory and procoagulant cytokine-by isolated human platelets [122] . Both of these responses will be discussed in more detail below. Thus, the responses of platelets to PAF may have been underestimated. Furthermore, PAF signaling synergistically augments platelet activation triggered by ADP or thrombin in whole human blood [123] . PAFR signaling and activities of PAF in sepsis, dengue, and anaphylaxis-systemic inflammatory responses in which platelets are targets and/or have key roles [91, 92, 124, 125] -were recently reviewed [126] . [122] . Transcripts encoding IL-1β were present in resting, unactivated platelets and were found in polyribosomes of activated platelets. PAF, ADP, collagen, and epinephrine also induced IL-1β synthesis (not shown). IL-1β was detected in the fibrin lattice of platelet-fibrin complexes as well as associated with the platelets when platelet-fibrin complexes were examined by confocal microscopy (a, right panel; IL-1β is stained in orange and platelet F-actin in green) and also in microvesicles shed from the activated platelets (not shown). Microvesicles from activated platelets induced cultured human endothelial monolayers to bind PMNs in an IL-1β-dependent fashion (Fig. 4b) (from [122] with permission from the publisher; see text and Fig. 9 for additional details of the mechanism of IL-1β synthesis)
A variety of additional receptors of the G-proteincoupled and other classes are expressed by human and/or mouse platelets [127] [128] [129] [130] . Signaling cascades activated by these receptors are important in primary hemostasis [127] but may also have alternative activities. A recently identified example is a pathway mediated by the chemokine receptor CXCR4 and stromal cell-derived factor-1 (SDF-1; CXCL12) [26] . SDF-1 is both released by activated platelets and stimulated platelets, and triggers their interactions with progenitor cells [24, 26] . In addition to CXCR4, platelets are reported to express several other chemokine receptors [26, 128, 130] . Platelets also express semaphorins and their ligands, which have the potential for bidirectional signaling [129] . A unique group of receptors-members of the toll-like family-is considered in the next section.
Platelet toll-like receptors
Human and mouse platelets express several toll-like receptors (TLRs), a relatively recent observation now documented by many laboratories (reviewed in [31, 60, 130, 131] ). TLRs are conserved sensors that are critical for microbial surveillance and regulation of inflammatory and immune responses. Their biology, signaling, and recognition of ligands with pathogen-, damage-, and danger-associated molecular pattern motifs have been extensively studied and reviewed [5, [132] [133] [134] . The expression of TLRs by platelets provides compelling evidence that these cells evolved not only as principal effectors of hemostasis but also as immune cells [3, 4] and reconciles earlier reports that platelets respond to lipopolysaccharide (LPS) and other microbial "endotoxins" [135] [136] [137] [138] [139] .
Initial reports of TLRs on circulating human platelets and platelets in coronary thrombi [140, 141] were followed by experiments confirming TLR expression on murine and human platelets and indicating that they are functional [142, 143] . The availability of well-characterized, specific anti-TLR antibodies has been a limitation [141] . Furthermore, in most studies, anti-TLR antibodies have not been independently validated, and investigators accepted claims of specificity by commercial suppliers. Nevertheless, an analysis of human, murine, and bovine platelets and chicken thrombocytes now indicates that the expression and function of platelet TLRs are conserved and have physiologic relevance (reviewed in [31, 131] ). The apparent pattern of expression of TLRs by human platelets is interesting: TLR1, 2, 4, 5, 6, and 9 have been detected at the mRNA and/or protein level [31, 131, [140] [141] [142] [143] [144] . There is an overlapping, but potentially distinct, pattern of expression by mouse platelets [31] . TLRs 2, 4, and 9 are common to both species. Of these, TLRs 2 and 4 have been studied the most [131] . Recent genomic analysis indicates that the TLR2 and TLR4 transcripts have altered expression levels in platelets from human subjects with clinical syndromes that have inflammatory components [144] . The most intriguing TLR expressed by human platelets is, however, TLR9, which recognizes microbial DNA [132, 133] and other pathogen-derived ligands [145] . TLR9 appears to be basally present on the plasma membrane and in intracellular compartments of human platelets and to be increased on the cell surface of platelets activated by thrombin [141, 143] (A. Vieira-de-Abreu, unpublished studies). This is remarkable because in other cell types TLR9 is localized to intracellular endosomal domains [132, 133] . The mechanisms that account for this distribution under resting and activated conditions, and its functional significance, remain to be defined.
Functional responses triggered by platelet TLRs and their downstream signaling pathways are also intriguing and incompletely defined. A paucity of well-characterized, specific, function-blocking anti-TLR antibodies is again a limitation, and small molecule inhibitors and genetically altered mice have been utilized. TLR4 signaling induced by LPS has been most intensively studied. In experiments utilizing wild-type and TLR4-deficient murine platelets, LPS induced adhesion to fibrinogen-coated surfaces (indicating inside-out signaling of integrin α IIb β 3 ), but not surface expression of P-selectin, and differential TLR-4-dependent sequestration in microvascular beds (lung, liver, spleen) [142] . In a different study, experiments with TLR4-mutant, LPS-resistant C3H/HEJ, and LPS-sensitive C3H/ HeN mice indicated that TLR4 signaling mediates thrombocytopenia and tumor necrosis factor α (TNFα) release in response to LPS administration, and depletion of platelets with anti-platelet antibodies substantially blunted TNFα release [143] . LPS also enhanced microvascular thrombosis in a TLR4-dependent fashion in a vessel injury model [146] and induced platelet-PMN interactions and the accumulation of both cell types in hepatic sinusoids when administered systemically to mice [68] .
The analyses of TLR4 signaling of platelets in vitro have yielded conflicting and, to date, confusing functional response patterns that have been termed "atypical" [147] or "unconventional" [68] . Several of these studies report that LPS does not trigger rapid, "classic" activation responses of human platelets including shape change, aggregation, or enhanced expression of surface P-selectin, which is a marker of degranulation, and/or does not potentiate functional responses to agonists such as epinephrine, ADP, or PAF [68, [147] [148] [149] . This is similar to the patterns reported from in vitro and in vivo murine studies [142, 146] . In contrast, in other analyses, LPS induced platelet aggregation, P-selectin display, secretion, and/or association with a cultured endothelial cell line, and potentiated responses to thrombin or collagen [131, 147, [150] [151] [152] . LPS also induces the novel activities of human platelets, including triggering of NET formation by PMNs [68] and pre-messenger RNA (pre- may contribute to some of the differences in these experimental outcomes, although these variables do not seem to be the entire explanation. Interestingly, fibrinogen is reported to be a ligand for TLR4 in other cell types [153, 154] ; whether it is recognized by platelet TLR4 and influences binding and signaling by LPS is unknown, however.
Human platelets express key components of intracellular cascades associated with TLR4 [132], including MyD88, MD2, and CD14 [152] . Studies of human platelets using inhibitors of these associations [68, 149] and mice with genetic deficiency of TLR4 or MyD88 [152] indicate that these pathways participate in the LPS-triggered signaling mechanism(s) in platelets.
The evidence that TLR2 and its heterodimeric binding partners TLR1 and TLR6 are expressed by human and mouse platelets [31, 131] is accompanied by an evidence for functionality in vitro and in vivo [147, 155, 156] . Signaling of human platelets via TLR2 induces "thromboinflammatory" responses that are differentially regulated compared to activation induced by thrombin [155, 156] .
Factors released by activated platelets or displayed on their surfaces: diverse mediators of inflammatory and immune activity Activated platelets secrete or translocate to the plasma membrane a panoply of more than 300 proteins and lipids with remarkable diversity in structure, function, mechanism of release and/or surface localization, signaling activities, and cellular targets (Table 1 ; Fig. 3 ) [4, 27, 30] . Soluble factors with antimicrobial activities were mentioned earlier and have been reviewed in detail [28, 60] . In this section, we focus on a selected group of additional mediators that have major importance in immune responses and that are also particularly instructive in terms of the intricacy of the platelet repertoire.
Human and murine platelets basally express CD40 ligand (CD40L; also called CD154 and gp39), a transmembrane member of the tumor necrosis factor family, and its receptor, CD40 [4] . CD40L is translocated to the surface from storage sites, cleaved, and shed by activated platelets, and activated platelets are the principal source of plasma CD40L [4, 157] . Inflammatory and immune activities of platelet CD40L have been extensively reviewed [4, 26, 27, 31, 157] . Important examples include signaling of B cells, endothelial cells, and monocytes [31, 157] . CD40L signaling is a major mechanism that links acute inflammation, adaptive immune responses, and hemostasis [157] . Multiple examples indicate key activities of platelet CD40L in clinical syndromes and models of disease. As noted earlier, platelet CD40L was reported to mediate viral clearance in an experimental model of hemorrhagic anemia caused by LCV [84] . In humans, CD40L from platelets is reported to be associated with febrile responses to transfusion and other adverse events [157] [158] [159] and inflammation and thrombosis in rickettsial infection [160] . It was recently reported that platelets are activated by immune complexes and FcγRIIa signaling in patients with SLE, resulting in the sCD40L-dependent stimulation of plasmacytoid dendritic cells and interferon α secretion [114] . These examples indicate the potential spectrum of platelet CD40L activities in experimental and clinical immune and inflammatory conditions. Additional examples of CD40L signaling are mentioned below.
Platelet factor 4 (PF4; CXCL4) and β-thromboglobulin (βTbg) are CXC chemokines and the first members of this family to be identified [4] . PF4 is recognized by CXCR3A and CXCR3B and, potentially, by glycosaminoglycans on target cells [33] . PF4 is released in high local concentrations in the regions of evolving blood clots, alters fibrin polymerization, and consolidates thrombi [161] . Thus, it may have critical hemostatic functions. PF4 also has complex inflammatory activities that depend in part on the target cell(s) and model system [33] . In vitro, it is chemotactic for neutrophils and monocytes [162] . PF4 also promotes monocyte survival and differentiation to macrophages [163] , one of only a limited number of factors known to have this activity, and induces a unique transcript profile in human monocyte-derived macrophages [164] . This suggests that PF4 may be important in signaling intravascular macrophage subsets [58] . In a mouse model of cerebral malaria, PF4 had proinflammatory activities including T-cell trafficking in the brain, increased CXCR3 expression, interferon γ production, and monocyte trafficking and activation [165, 166] . The levels of both PF4 and βTbg are elevated in the plasma of human subjects with P. falciparum malaria [167] . As a clinical example, PF4 is a component of a complex antigen that induces activating antibodies in the introgenic syndrome of heparin-induced thrombocytopenia, an important cause of thrombosis in hospitalized patients that has implications for mechanisms of autoimmunity [168] .
RANTES ("regulated upon activation normal T cell secreted") is a member of the CC family of chemokines, in contrast to the CXC chemokine PF4 [4, 26] . RANTES is recognized by the CCR1, CCR3, and CCR5 chemokine receptors on target cells and, via these signaling pathways, mediates pleiotropic immune, angiogenic, and anti-viral responses [169] . Its first identified activity as a platelet chemokine was as a chemoattractant for human eosinophils [170] . Subsequently, it was shown to mediate coordinate signaling with platelet P-selectin in interactions of activated platelets and monocytes that trigger inflammatory gene expression [171] (Figs. 6, 7, and 8) . RANTES is stored in platelet alpha granules [172] and is rapidly released in soluble form from thrombin-stimulated platelets [170, 171, 173] (Fig. 3) and also as a component of platelet microvesicles, which can act as delivery systems that mediate the recruitment of monocytes to endothelium [174] . In an in vitro system, CD40L-positive T cells engaged platelet CD40 and triggered the release of RANTES from the activated platelets, which associated with endothelial cells and mediated T-cell recruitment [175] . In an in vivo atherosclerosis model, RANTES and PF4 were deposited on inflamed endothelium and contributed to vascular injury and lesion size [26] .
Activated human and mouse platelets mediate intercellular signaling with interleukin-1 (IL-1) in cell-associated, soluble, and microvesicle-associated forms in vivo and in vitro [4, 107, 122, [176] [177] [178] [179] . IL-1α and IL-1β are evolutionarily conserved cytokines with pleiotropic immune and hemostatic activities that induce similar responses of target cells by ligating IL-1 receptor type I (IL-1RI), an interaction that can be interrupted by a naturally occurring soluble IL-1 receptor antagonist (IL-1Ra) [180] . IL-1α and IL-1β are transcribed by separate genes and are synthesized as precursor (pro-) forms followed by processing [180] . IL-1β has been detected in fluids and tissue biopsies from humans with a variety of inflammatory and immune diseases; in contrast, IL-1α may principally act as an autocrine cell-associated messenger [180] . The responses induced by platelet IL-1 include the expression of adhesion molecules and chemokines by human endothelial cells, endothelial-neutrophil interaction, signaling of T cells, and expression of pro-inflammatory mediators by synoviocytes in vitro or when delivered to the arthritic articular space in microvesicles [107, 122, [176] [177] [178] 181] (Fig. 4) . It was previously thought that IL-1 is preformed in platelets, and some reviews indicate that platelets store IL-1α and IL-1β [30, 33] . However, we did not detect pro-IL-1β or mature IL-1β in resting human platelets by ELISA or immunocytochemical analysis but instead found that it is synthesized by platelets activated by thrombin, PAF, ADP, or collagen [122] (Fig. 5) . Newly synthesized IL-1β was associated with fibrin in addition to platelets in a clot model (Fig. 5) , suggesting that thrombi are reservoirs for cytokines; IL-1β also stimulated target endothelial cells when translocated in microvesicles (Fig. 4) [122] . Subsequent studies identified a new post-transcriptional mechanism by which activated platelets splice IL-1β pre-messenger RNA (premRNA), translate the spliced transcript, and synthesize IL-1β and other biologically active proteins [14] , one of the several mechanisms by which platelets may actively produce key proteins in clots and thrombi [8] . Additional details of this mechanism are outlined below. Activated platelets adhere to and signal circulating leukocytes and interact with dendritic cells and macrophages. Activated human platelets form heterotypic aggregates with neutrophils and other granulocytes (eosinophils, basophils), monocytes, and lymphocytes of several subclasses (a). In each interaction, binding of P-selectin on the activated platelet to PSGL-1 on the "target" leukocyte is critical. Additional adhesive mechanisms contribute to aggregate formation and to interactions with endothelial cells, subendothelial matrix, or other cell types depending on the specific leukocyte class involved. In addition to adhesion, intercellular signaling mediated by PSGL-1 engagement and other signal transduction pathways leads to altered functions of the leukocytes (see text and Fig. 7 ). Activated platelets also interact with and signal dendritic cells and, by these interactions, can indirectly alter lymphocyte activities (b). This may be a key mechanism by which activated platelets mediate information transfer between innate and adaptive components of the immune continuum and influence adaptive immune responses. Activated platelets interact with macrophages in addition to DC and may influence cell fate dermination when monocytes differentiate to immature dendritic cells or to macrophages (not shown). Activated platelets bind to monocytes and plasmacytoid DC in the circulation of patients with SLE and to PMNs and monocytes in a variety of other clinical conditions (see text for details)
Cleavage of sCD40L, secretion of PF4 and RANTES from granular stores, and synthesis and microvesicleassociated release of IL-1β illustrate three mechanisms by which activated platelets can contribute biologically active mediators to the blood or to extravascular compartments in hemostatic and immune responses [4, 8, 9] . It is important to emphasize that some signaling factors also remain associated with the plasma membranes of activated platelets and can mediate cell-cell interactions in a juxtacrine signaling fashion when localized to the platelet surface [4] . CD40L [182] , IL-1 [176] [177] [178] , and PAF [183, 184] are examples of platelet factors that can activate target cells in a membrane-bound, juxtacrine manner. Thus, exclusive measurements of soluble factors and biomarkers may not detect signaling events mediated by activated platelets in immune or hemostatic responses.
The adhesion molecules on activated platelets can also deliver outside-in signals to cellular binding partners, alone or in combination with soluble platelet factors that act locally in a paracrine fashion or with other juxtacrine signals. P-selectin (formerly called GMP-140 and PADGEM protein)-which is translocated to the plasma membranes of activated platelets from alpha granules and is present in high local densities on their surfaces [4, 30, 185] -is an important example. Pselectin on activated platelets mediates both adhesion and intercellular signaling by binding to P-selectin glycoprotein ligand 1 (PSGL-1) on PMNs, monocytes, lymphocytes, and other leukocytes [4, 30, 185] as will be profiled below (Fig. 7) . P-selectin also contributes to platelet aggregate stabilization and hemostasis under some conditions [27, 31] .
Interactions of platelets with leukocytes and endothelial cells
Platelets interact with leukocytes of several classes in vivo and in vitro [3, 4] (Fig. 6) . A number of examples have Fig. 7 a Activated human platelets adhere to monocytes and deliver outside-in signals that induce altered functions. Activated human platelets adhere to monocytes in vivo and in vitro. Binding of Pselectin, which is translocated to the plasma membranes of activated platelets from alpha granules, to PSGL-1 basally present on the monocyte plasma membrane is critical for this interaction. The adhesion of activated platelets to monocytes is inhibited by blocking antibodies against P-selectin or PSGL-1 and by other approaches that interrupt this interaction. The engagement of PSGL-1 signals the activation of α M β 2 and, likely, other members of the integrin family on monocytes, potentially amplifying the adhesion provided by Pselectin/PSGL-1 and contributing to other adhesive interactions with endothelium, subendothelial matrix, or other blood cells. Outside-in signals delivered by soluble or juxtacrine factors released or displayed by activated platelets (RANTES, PF4, IL-1, PAF, CD40L, etc.) can act in concert with signals delivered by the engagement of PSGL-1 (see Fig. 8 ) as can agonists delivered by other cell types. Signaling of monocytes by activated platelets alters transcriptional and posttranscriptional pathways in the leukocytes (see Fig. 8 ). b The activated human platelets induce the nuclear translocation of NF-kB in adherent monocytes. Under basal conditions in vitro, human platelets do not adhere to monocytes, and NF-kB is largely found in the monocyte cytoplasm (left panel, "control"). When platelets are activated with thrombin, platelet-monocyte aggregates rapidly form and NF-kB translocates to the nucleus as indicated by dark nuclear staining with an antibody against the p65 subunit of NF-kB. Both plateletmonocyte aggregate formation and NF-kB translocation are blocked by interrupting the binding of P-selectin on the activated platelets to PSGL-1 on the monocytes. In additional experiments, integrated signals delivered by platelet P-selectin and RANTES (see Fig. 3 ) were shown to induce the expression of the NF-kB-dependent gene products MCP-1 and IL-8 by the monocytes (see Fig. 8 ) (panel b is from [171] with permission from the publisher.) c Signaling by Pselectin induces NF-kB activation. U937 monocytic cells transfected with an NF-kB reporter or a control construct were incubated in suspension or allowed to adhere to purified, immobilized P-selectin and reporter activity was measured. Triggering of NF-kB reporter activity by adhesion to purified P-selectin is consistent with additional experiments, demonstrating that the engagement of PSGL-1 transmits outside-in signals to this pathway and that activated platelets deliver signals that alter patterns of inflammatory gene expression in monocytes (see also panels a, b, and Fig. 8 ; panel c is from [218] with permission from the publisher) already been mentioned in this review. The interaction of leukocytes with adherent, activated platelets at sites of vascular injury or inflammation is a mechanism of cellular targeting and transfer to tissues and involves rolling, arrest, and in some cases transmigration mediated by selectins, chemokines and PAF, and integrins and their ligands depending on the specific leukocyte type and microvascular locale; these events parallel similar mechanisms in leukocyte-endothelial interactions (reviewed in [6, 7, 27, 30, 44] ). Platelet-leukocyte aggregates formed in circulating blood (Fig. 6 ) are also involved in immune targeting and function. As an example, circulating platelet-leukocyte complexes requiring PSGL-1 engagement were reported to be essential for leukocyte activation and accumulation in mouse models of allergic and inflammatory responses [186] . Platelet-leukocyte interactions of this nature can enhance bacterial phagocytosis and killing [28] and may involve complex interactions involving integrins on both cell types and factors such as fibrinogen [62, 101, 187] . In another murine study, platelet-leukocyte aggregate formation (Fig. 6 ) mediated by P-selectin/PSGL-1 and local chemokine secretion by these complexes (Figs. 3, 7 , and 8) controlled leukocyte recruitment in a model of the cutaneous arthus reaction [188] . There are also clinical parallels to these experiments. As an example, the formation of platelet-leukocyte aggregates in banked human blood may contribute to transfusion reactions and transfusion-related pathology [189] . Additional evidence for platelet-leukocyte dialogs in immune responses and diseases will be illustrated in the following profiles of interactions of activated platelets with specific leukocyte subtypes.
PMNs P-selectin is central in platelet-PMN interactions as it is in the interactions of PMNs with inflamed endothelium (reviewed in [30, 44] ). In each case, binding of P-selectin to PSGL-1 mediates both adhesion and signaling. Interruption of P-selectin/PSGL-1 binding by antibody blockade or genetic manipulation interrupts these events [30, 44] . Studies in murine models indicate that engagement of PSGL-1 on PMNs by P-selectin triggers the activation of leukocyte β 2 integrins [30, 185, 190] , a sequence of events predicted by earlier studies of human PMNs [191] . β 2 integrins on the PMN plasma membrane that have been activated by signals from PSGL-1 and/or by parallel signals from G-protein-coupled receptors that recognize chemokines or PAF can then bind fibrinogen, platelet GP1bα, ICAM-2, JAM-3, and other ligands on platelets, enhancing adhesion-mediated P-selectin binding to PSGL-1 [27, 30, 44, 183, 184, [192] [193] [194] . In vitro studies of cellular activation in whole human blood indicate that there is reciprocal platelet activation in such interactions [195] . Additional responses of mouse or human PMNs are triggered by platelet signaling and are inhibited by blocking platelet activation [113] . Consistent with this, in vitro studies of human PMNs indicate that engagement of PSGL-1 by P-selectin induces the activation of kinase cascades and chemokine and cytokine synthesis pathways [196, 197] . In vitro models also suggest that human neutrophils enhance fibrin deposition under flow via mechanisms that are partially platelet dependent [198] , thus potentially linking inflammatory signaling to hemostasis. Platelet-PMN aggregates (Fig. 6 ) may be vehicles for delivery of coagulation factors (see below), and PMNs may transport platelet microvesicles to extravascular sites [9, 107] . Platelet-PMN interactions of this nature contribute to pathologic inflammation and thrombosis in a variety of experimental models, and there is evidence that these interactions are also pathogenetic mechanisms in clinical syndromes such as sepsis and acute lung injury [29, 124] . It is unknown how molecular adhesion and signaling interactions between platelets and PMNs influence NET formation triggered by LPS [68] . P-selectin/PSGL-1 signaling, chemokines, and β 2 integrins also mediate platelet interactions with eosinophils and basophils [199, 200] and therefore may be critical in immune defenses and allergic responses involving these granulocytes.
Monocytes
The interaction of activated platelets with monocytes occurs in patients with a variety of inflammatory, immune, and thrombotic diseases and in human cellular systems and rodent models (reviewed in [201, 202] ). The adhesion of monocytes to inflamed or injured endothelial cells occurs by coordinated selectin-, signaling-, and integrin-mediated events similar to those originally identified in endothelial-neutrophil interactions, but with leukocytespecific molecular variations [30, 202] . In vitro modeling suggests that platelets preferentially recruit monocytes to thrombi [203] and that platelets and platelet microparticles transfer PF4 and RANTES to the surfaces of inflamed endothelial cells, leading to shear-resistant local accumulation and activation of monocytes-a mechanism proposed to occur in atherosclerosis (reviewed in [26, 202] ). Heterotypic platelet-monocyte complexes (Fig. 6 ) form in vitro and in the blood of humans and experimental animals and are both markers and effectors of disease (reviewed in [201, 202] ). Platelet-monocyte aggregates are reported to form more readily (i.e., at lower concentrations of platelet agonists), more rapidly, and in greater numbers compared with platelet-PMN or platelet-lymphocyte aggregates and to be more stable than platelet-neutrophil aggregates [204] (reviewed in [202, 205] ). The differences in the pattern of formation of platelet-PMN and plateletmonocyte aggregates may be due to the differential modulation of PSGL-1 on activated PMNs versus monocytes [206, 207] . The formation of platelet-monocyte aggregates is a sensitive marker of platelet activation in vivo, and these complexes are durable over many hours based on studies in primates and in humans with acute coronary syndromes [208] . Studies using blocking antibodies and other approaches demonstrate that binding of Pselectin on activated platelets to PSGL-1 on monocytes (Fig. 7) is a key molecular axis in this adhesive interaction [171, 209, 210] . In addition, molecular interactions including bridging of CD34 on adjacent platelets and monocytes by thrombospondin, binding of monocyte α M β 2 to platelet GPIbα or JAM3, and bridging of platelet α IIb β 3 and α M β 2 on monocytes by fibrinogen have been suggested, based on extrapolation from studies of platelet-neutrophil interaction (see above), studies with THP-1 or U937 monocytic cells, or other strategies [192-194, 211, 212] . Furthermore, engagement of PSGL-1 on monocytes activates β 1 and β 2 integrins on monocytes [202, 213] , suggesting that these leukocyte integrins may participate in adhesive interactions in platelet-monocyte aggregates (Fig. 7) . Nevertheless, blocking studies in ex vivo whole blood from volunteers and subjects undergoing coronary intervention [214] and in platelet-monocyte suspensions [215] indicated that binding of P-selectin to PSGL-1 is dominant in platelet-monocyte aggregate formation, and it was recently concluded that other molecular interactions have secondary, additive roles [202] . Other adhesion molecules may be critical in more complex interactions involving platelet-monocyte aggregates and endothelial cells, exposed vascular matrix, or other blood cell types [26, 202, 216] . For example, Pselectin/PSGL-1-dependent adhesion was required for inclusion of platelets in aggregates of monocytes and reticulocytes in the blood of patients with sickle cell disease, an interaction that also involved integrin α 4 β 1 and bridging fibronectin [217] .
The adhesion of activated platelets to monocytes is a mechanism of intercellular signaling and information transfer and not simply a mechanical interaction and has been useful as a general model of human cell signaling and gene expression as well as one with immediate physiologic relevance in inflammation and thrombosis (Fig. 8) . For example, the interaction of activated platelets with human monocytes induces nuclear translocation of NF-kB and induction of NFkB-dependent inflammatory genes [171, 210, 218] . The engagement of PSGL-1 by P-selectin delivers outside-in signals to this transcriptional pathway (Fig. 7) as demonstrated by experiments with primary cells, purified immobilized P-selectin, transfected models, and reporter systems [171, 218] . RANTES, IL-1β, and PAF can act in concert with the engagement of PSGL-1 to amplify inflammatory gene expression, demonstrating signal integration and mechanisms for differential, time-dependent expression of key inflammatory products in a gene-specific fashion (Fig. 7 ) [171, 210, 216, 218] . Initial and subsequent studies demonstrated that monocyte chemotactic protein 1 (MCP-1), TNFα, interleukin 8 (IL-8), and other inflammatory proteins are synthesized by monocytes in this fashion [171, 210, 219] (Fig. 8) . Each of these inflammatory gene products has major immune and/or hemostatic activities in vitro and in vivo. In a more recent example, we found that cyclooxygenase 2 (COX-2) expression and COX-2-dependent prostaglandin E 2 (PGE 2 ) synthesis by monocytes are induced by activated platelets in a complex, time-dependent mechanism that involves P-selectin/PSGL-1 signaling, transcriptional regulation, and subsequent time-dependent posttranscriptional stabilization of COX-2 mRNA mediated by endogenous IL-1 synthesis and signaling [218] . PGE 2 can reciprocally modify platelet responses [117] and has multiple immune activities [118] . The synthesis of a number of other chemokines, cytokines, adhesion receptors, and proteases is induced by the signaling of monocytes by activated platelets and/or by PSGL-1 engagement in combination with soluble agonists [216, 219, 220] (Michetti et al., unpublished studies). These experiments also demonstrated that PSGL-1 engagement is linked to the activation of MAP kinase pathways and mammalian target of rapamycin [218, 220] , consistent with earlier studies in PMNs [196, 197] and with more recent observations of PSGL-1 signaling mechanisms [185, 202] . Other laboratories have also reported the induction of inflammatory genes when monocytes interact with activated platelets [221] [222] [223] . Furthermore, preliminary studies indicate that platelets accelerate chemokine synthesis by monocytes in an in vitro clot model (Campbell, unpublished studies). Importantly, signaling of monocytes by activated platelets and purified P-selectin is reported to induce tissue factor [223] [224] [225] [226] [227] [228] expression by monocytes, although the magnitude of TF activity varies with the experimental conditions [171] . Furthermore, platelet activation in whole blood induced binding of TF, factor Xa, and fibrinogen to the surfaces of monocytes and neutrophils in platelet-leukocyte aggregates, suggesting that these cellular complexes are vehicles for local delivery of coagulation factors [227] . Thus, platelet-monocyte interactions are platforms for intricate interplay in vascular inflammation and hemostasis [201, 202, 229, 230] .
Monocytes that have formed heterotypic complexes with activated platelets are reported to transmigrate more efficiently, leaving adherent platelets behind as they move [202, 213] . This may be of major functional importance since monocytes are precursors of tissue macrophages, and soluble and membrane-associated platelet factors influence monocyte survival and differentiation [163, 231, 232] . Platelets may also deliver signals that favor differentiation of monocytes to DC rather than macrophages [233] . Platelet-DC interactions will be considered further below.
Endothelial cells The interactions of platelets with endothelial cells (Fig. 4a) have been reviewed in detail [27, 202, 234] , and the endothelial control of inflammation and coagulation is considered elsewhere in this symposium. Thus, these issues will not be discussed in detail here. Examples of direct or indirect platelet signaling of endothelial activation and other intercellular activities [26, 27, 29, 82, 122, 160, 176-178, 181, 182] illustrate the importance of these interactions, however. Signaling of human endothelial cells by IL-1 from activated platelets (Fig. 4b ) is a prototype dialog between the two interacting cells.
Lymphocytes Although less studied than interactions of platelets with myeloid leukocytes, activated platelets influence adhesion, homing, and activation of T helper, T cytolytic, natural killer (NK), and B lymphocyte subsets (reviewed in [205] ). P-selectin on platelets and PSGL-1 on lymphocytes are critical for these responses, as in platelet interactions with PMNs and monocytes. P-selectin-dependent adhesion of activated platelets mediates platelet-lymphocyte aggregate formation (Fig. 6 ) and association of T lymphocytes with high endothelial venues of peripheral lymph nodes, facilitating lymphocyte trafficking and induction of immunologic memory [235, 236] . Lymphocyte and eosinophil accumulation in the lung in response to allergen challenge required Pselectin-dependent aggregate formation [237] and platelets promoted T-cell recruitment to the brain in experimental cerebral malaria [165] , indicating that platelet signaling may regulate lymphocyte homing and activities in specific tissues in pathologic conditions. Engagement of PSGL-1 on lymphocytes induces activation and/or clustering of β 2 integrins, which can then recognize members of the ICAM family on platelets or other cells [205, 238, 239] . There is differential adhesiveness and binding affinity for P-selectin among lymphocyte subsets [205, 240] . Early reports indicated that platelets may also influence the proliferation and trigger the immunoregulatory activities of lymphocytes [176, 241] . Subsequent observations support this conclusion and indicate that there is reciprocal signaling and transcellular metabolism by the interacting cells (reviewed in [205] ). As examples, PF4 regulates multiple T-cell responses [165, 205] , and the IgE-mediated release of serotonin by platelets initiated T-cell-dependent contact sensitivity in a mouse model [242] . As previously noted, T cells can trigger RANTES release from platelets by a CD40-CD40L-dependent mechanism, amplifying lymphocyte recruitment [175] . There is also evidence for modification of NK cell adhesion and activity by platelet signaling and for modification of antibody responses of B cells (reviewed in [4, 205] ) (also see below).
The platelet transcriptome and post-transcriptional repertoire
It has been known for many years that circulating platelets have a complement of stable, functional messenger RNAs and basal protein synthesis capability [243] . As an example, human platelets contain functional mRNA encoding HLA class I that can be translated into metabolically labeled protein [244] . More recent observations demonstrate that the human platelet transcriptome is much more complex than previously appreciated and includes pre-mRNAs and spliceosomal RNAs (U sn RNAs) in addition to mRNA transcripts [8, 14, 16, 109, 110, 147, 149] . The human platelet transcriptome also includes microRNAs, and human platelets have the Dicer/Ago2 microRNA processing pathway; micro-RNA control may regulate the expression of the P2Y 12 receptor [17] . The human platelet transcriptome changes in disease, including inflammatory, immune, and thrombotic syndromes, based on a rapidly expanding body of observations [144, 149, [245] [246] [247] [248] [249] [250] . It has also recently been discovered that human platelets translate some mature mRNAs and synthesize their corresponding proteins in response to activating signals [8] . Paralleling the complexity of the transcriptome, human platelets have an unexpectedly complex post-transcriptional repertoire for signal-dependent translation of mRNA transcripts, mediating synthesis of protein products that can alter platelet proteome and function after cellular activation [8, 30, 243] . There are both similarities and differences in the transcriptomes of human and mouse platelets and, presumably, patterns of newly expressed proteins after activation [110, 251] (Rowley and Weyrich, manuscript submitted for publication).
One pathway for signal-dependent translation by human platelets involves the activation of intracellular mTOR triggered by thrombin stimulation or engagement of integrin α IIb β 3 [8, 109, 110, 173] . mTOR controls the specialized translation of a subset of mRNAs with key sequence features in a variety of cells, including B cell lymphoma-3 (Bcl-3) in activated platelets [109] . Newly synthesized Bcl-3 protein binds to the intracellular kinase Fyn in human platelets and regulates in vitro clot retraction by activated mouse and human platelets [8, 109, 110] (Fig. 3) . It may thus influence the consolidation and remodeling of thrombi in pathologic conditions. Bcl-3 is an index example of a group of proteins that are transcription factors in nucleated cells but have nontraditional functions and signaling activities in anucleate platelets [8, 252] . Alpha toxin from S. aureus triggers the synthesis of Bcl-3 by human platelets [253] , a mechanism that may alter the natural history of microvascular thrombosis in staphylococcal sepsis [124] .
A second signal-dependent post-transcriptional pathway in activated human platelets regulates the splicing of pre-mRNA transcripts present in circulating, quiescent platelets to spliced, translatable mRNAs in response to outside-in signals delivered via receptors for thrombin or other agonists, followed by the translation of the mature mRNA yielding a biologically active protein product (Fig. 9a) . Experiments utilizing primary human platelets and a human megakaryocytic proplatelet model indicated that megakaryocytes transfer a functional spliceosome and key pre-mRNAs to platelets during thrombopoiesis, establishing a molecular basis for this posttranscriptional mechanism [14, 16, 149] . As an example, the tissue factor pre-mRNA is present in resting human platelets and is spliced to the mature mRNA transcript in platelets activated by thrombin while adherent to fibrinogen, an in vitro thrombosis model [16] . This is accompanied by the synthesis of TF-dependent procoagulant activity that is inhibited by blocking a kinase, Cdc2-like kinase 1, upstream in the splicing pathway [16] . The time-dependent splicing of TF pre-mRNA and generation of TF procoagulant activity are also induced in platelets activated by LPS, staphylococcal alpha toxin, or live bacteria [149] (Figs. 1 and 9b, c) . Consistent with this, platelets isolated from patients with sepsis express spliced TF mRNA and TF-dependent procoagulant activity [149] , although it is not yet clear if this results from splicing of the TF transcripts by platelets activated by microbial and/or host factors (thrombin, PAF; reviewed in [124] ) in the circulation or by reprogramming of megakaryocytes in the septic milieu [100] . In other studies, TF premRNA splicing and TF protein synthesis were induced by crosslinking of the immunoreceptor FcαRI on platelets, suggesting a new mechanism for IgA-mediated nepropathy and other IgA-induced inflammatory and thrombotic syndromes [102] . In addition, TF pre-mRNA splicing and synthesis of TF activity by platelets from patients with type 2 diabetes were reported to be resistant to inhibition by insulin and to be greater than these responses in platelets from matched control subjects, a feature that may contribute to thrombotic complications in diabetes [254] . Platelets from patients with acute coronary syndromes were reported to have higher levels of TF mRNA and TF protein than those from healthy subjects or patients with stable angina and to have a greater number of TF-positive platelet-monocyte aggregates [228] . A previous analysis suggested that platelets contribute TF in platelet-monocyte and platelet-neutrophil aggregates [227] . Thus, the synthesis of TF by activated human platelets may be a mechanism of thrombosis in disease [8, 46, 255] . Furthermore, experimental studies suggest that TF is also an inflammatory mediator [256] and thus may be another platelet-derived link between hemostasis and immune events.
IL-1β pre-mRNA is also present in unactivated human platelets, and IL-1β protein is synthesized by the signaldependent splicing of the pre-mRNA and translation of the mature transcript [14] . As previously outlined, this occurs in platelets activated with a variety of soluble agonists with inflammatory and prothrombotic activities and is a mechanism for signaling and activation of target endothelial cells [122] (Fig. 4b) . Splicing of IL-1β pre-mRNA is potently triggered by LPS and less robustly induced by a synthetic TLR2 agonist [147] , indicating that this is a potential mechanism for IL-1β synthesis in septic syndromes [124] . LPS is also reported to be a direct agonist for the splicing-dependent synthesis of COX-2 by isolated platelets [147] . Cross-linking of FcαRI and human IgA also induced IL-1β pre-mRNA splicing and IL-1β synthesis by human platelets in vitro [102] , indicating that this may be a mechanism of immunomodulation in syndromes involving platelet Fc receptor engagement.
Platelets in adaptive immune responses
In the continuum of physiologic and pathologic immune responses [4, 5] , platelets are best known as innate immune effector cells with activities in acute inflammation and for interactions with myeloid leukocytes and endothelial cells Fig. 9 Activated human platelets synthesize inflammatory and hemostatic proteins by mechanisms involving signal-dependent translation and pre-mRNA splicing. An analysis of primary human platelets, cultured megakaryocytic cells, and proplatelet models demonstrate that human platelets have a complex transcriptome and post-transcriptional mechanisms for activation-dependent ("signaldependent") translation of mRNA transcripts [8] . One mechanism is illustrated in a: In addition to stable, mature mRNAs, the transcriptome of quiescent circulating human platelets includes unspliced pre-mRNAs. In response to thrombin or other activating signals, specific pre-mRNAs are processed by a functional spliceosome yielding the spliced, translatable mRNA. The pre-mRNAs and spliceosomal components are delivered to proplatelets during thrombopoiesis, and an in situ analysis demonstrates the presence of unspliced pre-mRNAs in proplatelets and unstimulated platelets and in spliced transcripts in activated platelets. Following signal-dependent splicing, the mature, spliced mRNA is translated to biologically active protein. This pathway was first discovered in studies of the mechanism of synthesis of IL-1β by activated human platelets (Figs. 4b and 5) [14] (Fig. 9a is based on an illustration in [278] ).
Tissue factor is also synthesized by signal-dependent splicing and translation in platelets stimulated by thrombin and fibrinogen ( [16] ; not shown), bacteria ( Fig. 1) in pathologic inflammatory syndromes such as atherosclerosis and sepsis [20-22, 24, 26, 31] . Recent observations, and the emerging new biology of platelets [8, 9] , demonstrate that they also have adaptive immune effector functions and can link innate and adaptive immune responses [4, 23, 30, 31, 35, 60, 257] . Here again the repertoire of activities is much more diverse than previously expected for an anucleate cell that is deceptively simple in structure and, in traditional formulations, function [8, 9] .
Platelets interact with DC (Fig. 6b) , which are pivotal in pathogen and antigen recognition, orchestration of innate and adaptive responses, immune tolerance, and allergy and autoimmunity [258] . Platelets regulate differentiation, maturation, and activation of DC via both contact-dependent signaling and soluble products [83, [259] [260] [261] [262] [263] [264] [265] [266] . In vitro experiments indicate that purified P-selectin can differentially enhance the differentiation of human monocytes to a dendritic-like cell while retarding differentiation to macrophages [233] , suggesting that signaling of monocytes by Pselectin on activated platelets may influence this key cell fate pathway. Platelet CD40L is reported to promote DC differentiation and/or maturation [83, 257, [260] [261] [262] although this has not been a consistent result under all conditions [263, 266] . Serotonin, a major platelet release factor (Table 1) , modulates monocyte differentiation to DC [267] . Platelets are reported to modify activation and proinflammatory cytokine secretion by DC [259, [263] [264] [265] [266] . In vitro, human platelets recruit monocyte-derived DC under static and flow conditions by rolling and adhesion mediated by PSGL-1 and integrin α M β 2 on DC and JAM-C on the platelets [265] . Also, in vitro activated platelets enhanced DC-induced lymphocyte proliferation [263, 265] . In vivo activated platelets formed aggregates with monocytes and plasmacytoid DC in the blood of patients with SLE, an interaction thought to facilitate CD40L-triggered secretion of interferon α by plasmacytoid DC [114] . Platelet activation, which appeared to result from circulating immune complexes acting via FcγRIIA, correlated with disease severity in this report. These studies illustrate the potential for complex signaling between activated platelets, DC of dynamically variable phenotypes, and lymphocytes (Fig. 6 ) and the clinical relevance of these cellular interactions.
Additional newly discovered activities of platelets contribute to the functional anatomy and topography of the adaptive immune system. The separation of lymphatic vessels from blood vessels involves the engagement of CLEC-2 on platelets by a ligand on lymphatic EC, podoplanin, leading to SLP-76-and SYK-dependent platelet aggregation at separation zones between embryonic lymphatic vessels and veins [268] [269] [270] [271] (reviewed in [272] ). This newly recognized role for platelets in lymphatic development is based on murine models and is important because organization of the lymphatic system, lymphocyte, and other cellular trafficking via lymphatics and immune and inflammatory responses are intimately intertwined [272] . CLEC-2 is also required for stable platelet aggregation and thrombus stabilization in vivo and in vitro based on studies of genetically altered mice [269] .
One of the aspects of "new biology" of platelets that has emerged from recent studies is that activated platelets induce functional responses of target cells in extravascular compartments, adding to their traditional signaling activities in thrombi and at intravascular sites [8] . There is evidence that platelets can influence the adaptive immune responses in this fashion. One mechanism is the direct release of soluble cytokines with immunomodulatory activities that transfer to extravascular compartments (Table 1) or the indirect induction of chemokine, cytokine, and eicosanoid synthesis by intercellular signaling (Figs. 5,  6 , 7, and 8). A second mechanism involves microvesicle release from activated platelets. Studies in mice demonstrated that the transfer of platelet microvesicles bearing CD40L from wild-type animals to CD40L −/− mice together with adenoviral immunization induced antigen-specific IgG production and augmented germinal center (GC) formation, indicating signaling to the splenic B-cell compartment [273] . These observations were consistent with earlier reports from this group in which the same models were used to show that platelets induce DC maturation, B-cell responses, and specific IgG generation and enhanced T lymphocyte activities via CD40L-dependent mechanisms, and they suggested that platelets contribute to GC responses and the development of humoral adaptive immunity under conditions in which antigen-specific B and T cells are rare and limiting [83, 257, 274] . Together the studies suggest that the release of microvesicles from activated platelets at sites of thrombosis may induce adaptive immune activities at distant sites, a potentially novel function of these subcellular particles [275] . In a second example illustrating the concept of "remote" immune signaling by activated platelets, platelet microvesicles were detected in articular fluids from patients with rheumatoid arthritis (RA) and induced the synthesis of inflammatory mediators by cultured synoviocytes, potentially by delivering IL-1 [107] . Parallel murine studies indicated that this may occur in vivo and that the activation of platelets via GPVI or by signals from synoviocytes may trigger microvesicle formation and IL-1 delivery. Binding of platelet microvesicles to leukocytes in synovial fluid samples from RA patients was also detected [107] , suggesting a mechanism for additional intercellular signaling that could amplify joint inflammation and injury as well as promote the extravascular transfer of microvesicles [9] . Throughout this review, we have cited many examples of platelet activities and interactions that strongly suggest that they have additional unrecognized functions in adaptive immunity and in the transition from innate to adaptive immune responses. Interactions with antigen-presenting cells-monocytes, macrophages, and DC-and lymphocyte subsets under conditions of tissue injury or infection may be fertile fields in which to search for new platelet activities of this nature [201, 202, 205, 261, 276] . Because of intimate connections between inflammatory and immune responses and hemostasis, as reviewed in this monograph, new mechanisms of coagulation and thrombosis mediated by platelets acting as immune effector cells are also likely to be discovered. 
